A total of 34 dipeptides was detected in water extract of the recent sediment core S8602 of Tokyo Bay by gas chromatography coupled to mass spectrometry. These dipeptides were indigenous to the sediments and showed predominance of the L or LL stereoisomers indicating that they were derived mainly from proteins. Alanylalanine, valylalanine, alanylleucine, and alanylaspartic acid were the four most abundant dipeptides, and their individual concentrations were about 5 nmol g -1 at 1.3 cm in depth. All dipeptides showed a maximum concentration at 1.3 or 6.3 cm in depth, which decreased rapidly with depth especially over a depth range from 6.3 to 13.8 cm. Total concentration of dipeptides at 1.3 cm in depth, corresponding to 160 nmol g -1 for amino acid residues, accounted for 2.8% of the hydrolyzed amino acids, and was about 1.2 times larger than that of free amino acids in the same water extract. Accordingly, dipeptides are one of the major products as well as free amino acids during the earliest stage of protein degradation in sediments. On the other hand, diketopiperazines were not found in the sediments. In addition, the sequential isomeric ratios of some dipeptides differed from the reported ratios at equilibria. Therefore, dipeptides were not derived through diketopiperazines and likely preserved their original amino acid sequences in their precursor proteins.
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ates in the degradation process, their presence in sediments has been suggested generally by the analyses of amino acids released by acid hydrolysis. Therefore, the direct detection of peptides provides a new information to elucidate the diagenetic pathway of proteins in sediments.
Dipeptides have the most stable peptide bonds of all peptides (Hill, 1965) . Therefore, dipeptides may have the higher potential to accumulate in sediments than the other peptides. Although dipeptides are the smallest peptides consisting of only two amino acids, 400 dipeptides are theoretically possible for protein amino acids. Gas chromatography coupled to mass spectrometry (GC-MS) is one of the best methods for the analysis of such complex mixtures. We carried out
INTRODUCTION
Proteins are important organic polymers in most organisms and generally the largest components of organic nitrogen compounds (Parsons et al., 1977) . In marine surface sediments, proteins, peptides, and free amino acids account for 30-40% of the total nitrogen and 10-15% of the total organic carbon (Burdige and Martens, 1988; Cowie and Hedges, 1992) . A major chemical process in the early stage of protein diagenesis is the degradation to free amino acids through various polypeptides along with the condensation with other organic compounds to form geopolymers generally described as humic substances. Though peptides are believed to be important intermedi-analyses of dipeptides in water extract and diketopiperazines in methanol extract from Tokyo Bay sediments, as well as analyses of amino acids released by acid hydrolysis (hydrolyzed amino acids) and free amino acids in the water extract. In this paper we report the results of the analyses of dipeptides as well as diketopiperazines and amino acids, and describe the characteristics of dipeptides in molecular distribution, amino acid composition, and isomeric ratio (stereoisomer and sequential isomer).
EXPERIMENTAL

Samples
We used the samples splitted from the sediment core S8602 collected from the Tokyo Bay in February of 1986 by one of us (R.I.). The core was cut every 2.5 cm from surface to 30 cm in depth and every 5.0 cm from 30 to 65 cm in depth. The linear sedimentation rate is assumed to be 1.5 cm year -1 from surface to 25 cm in depth and 1.0 cm year -1 below 25 cm in depth according to the study of density of each layer and the sedimentation rate (0.3 g cm -2 year -1 ) nearby the sampling location (Yamamoto and Ishiwatari, 1996) . These layers had been kept in a freezer until analyses. We used nine lyophilized and pulverized samples for analyses. Their mean depths are shown in Table 1.
Analyses
Dipeptides About 2 g for each sediment sample were extracted with 3 mL of water by shaking at 60°C for 1 h. The extraction was repeated eight times and the extracted solutions were combined together. The combined solution was divided into two aliquots. One aliquot was used for the analysis of hydrolyzed amino acids described in the later section of hydrolyzed and free amino acids. The other aliquot was added with 0.15 mL of 3 M HCl to make the solution pH 1.8, and then the solution was applied into a Dowex 50W-X8 (H + ) cation exchange column (10 cm × 1 cm I.D.). The column was washed with 25 mL of water to remove salts, and acidic and neutral compounds. The fraction that contained peptides and free amino acids was eluted with 25 mL of 1.2 M pyridine-acetate (pH 6.5). The eluted solution was divided into two aliquots and they were dried. One dried residue was reserved for free amino acid analysis. The other was treated with 3 mL of 1.5 M HCl-methanol at room temperature for 3 h. After evaporation of the methanol solution, the dried material was treated with 1 mL of trifluoroacetic anhydride (TFAA) at room temperature for 30 min to make N-trifluoroacetyl methyl esters of dipeptides. After evaporation of TFAA, 1 mL of water and 1 mL of ethyl acetate were added to the residue. The dipeptide esters were extracted with 3 mL of ethyl acetate (1 mL each, three times), which was concentrated to 50 µL under a N 2 flow.
One µL of the 50 µL solution was analyzed by GC-MS (Shimadzu, GCMS-QP5000). The GC was equipped with a Chirasil-L-Val capillary column (25 m × 0.25 mm I.D., Chrompack International) and operated with a ramp rate of 10°C min -1 from 50 to 90°C, 5°C min -1 from 90 to 145°C (20 min hold), 2°C min -1 from 145 to 180°C, and 5°C min -1 from 180 to 200°C. Intensities of MS selected ions for dipeptides were acquired every 0.1 s in the chemical ionization mode at 200 eV with isobutane as reacting gas. Identification and quantification of dipeptides were made by comparison of peak retention times and areas on the mass fragmentograms with those of 34 standard compounds listed in Table 1 . All four stereoisomers of DD, DL, LD, and LL were examined for alanylalanine (ala-ala). Both D and L stereoisomers (enantiomers) were examined for glycylalanine (gly-ala), alanylglycine (ala-gly), glycylvaline (gly-val), glycylleucine (gly-leu), leucylglycine (leu-gly), and glycylaspartic acid (gly-asp). Only L or LL was examined for the other 26 dipeptides that have asymmetric carbons.
Diketopiperazines About 1 g for each of another portion of the sediment sample was extracted with 2 mL of methanol by shaking at 50°C for 1 h. The extraction was repeated four times, and the extracted solutions were combined. The combined solution was dried and treated with 100 µL of Nm e t h y l -N -t e r t -b u t y l d i m e t h y l s i l y ltrifluoroacetamide and 150 µL of acetonitrile at 50°C for 3 h to make tert-butyldimethylsilyl derivatives of diketopiperazines. After cooling to room temperature, 1 µL of the solution was analyzed by GC-MS (Shimadzu, GCMS-QP5000) equipped with a TC-1 capillary column (60 m × 0.25 mm I.D., GL Sciences Inc.). The GC column was heated with a ramp rate of 10°C min -1 from 100 to 190°C, and 5°C min -1 from 190 to 290°C. The other GC-MS conditions were same as those described in the dipeptide section. Identification and quantification were made by comparison of peak retention times and areas on the mass fragmentograms with those of 6 standard compounds, i.e., cyclo(glycylglycine), cyclo(gly-ala), cyclo(ala-ala), cyclo(gly-leu), cyclo(gly-asp), and cyclo(valylvaline). Diastereomers having absolute configurations of DD and LL for cyclo(ala-ala) and cyclo(valylvaline) were examined but those of DL and LD were not.
Hydrolyzed and free amino acids One aliquot of the water extracted solution described in the dipeptide section was dried and hydrolyzed with 1 mL of 6 M HCl at 110°C for 24 h. After evaporation of the solution, the residue was dissolved with 0.5 mL of water, and its amino acid composition was examined by an amino acid analyzer (JEOL, JLC-300). The dried residue reserved for free amino acid analysis described in the dipeptide section was dissolved with 0.5 mL of water, and its amino acid composition was examined by the amino acid analyzer.
Measurement of pore water pH
About 5 g for each non-lyophilized wet sediment sample were centrifuged and the supernatant was recovered. Each pH of the supernatant was measured by a pH meter (HORIBA, pH METER F-12) and was reported as pore water pH.
Care against contaminations
All glassware was heated at 500°C for at least 3 h prior to use in order to eliminate organic contaminants. Water was purified by a successive treatment of distillation, deionization, and additional distillation. Organic solvents were doubledistilled. The 1.5 M HCl-methanol was prepared by bubbling HCl gas into double-distilled methanol.
RESULTS AND DISCUSSION
Identification and concentration
Dipeptides A mass spectrum of Ntrifluoroacetyl methyl ester of the LL stereoisomer of ala-ala standard is shown in Fig. 1 . The spectrum showed a major ion at m/z 271 corresponding to (M+1) + and a minor ion at m/z 239 to (M-31) + , where M stands for a molecular weight of each dipeptide derivative and M equals 270 for ala-ala. Mass fragmentation patterns similar to that of ala-ala were obtained for the other dipeptide standards. Therefore, the mass fragmentograms of (M+1) + were used to detect dipeptides. Consequently, 34 dipeptides (37 dipeptide stereoisomers) were identified. Figure 2 shows mass fragmentograms of the dipeptides recovered from the sediment sample at 1.3 cm in depth. The peak numbers and their identification are shown in Table 1 together with their concentrations in the nine samples. These dipeptides were indigenous to the sediments and not degradation products of polypeptides during our analytical procedure (Ogasawara et al., 2000) . The analyses were duplicated for the samples at 6.3, 18.8, and 32.5 cm in depth, and the errors in each dipeptide concentration were 9.8, 13, and 17% respectively. The recoveries of dipeptides spiked into a sea-sand sample were 34-49%. Although the recoveries were not high, the estimated concentrations of dipeptides in the sediments were useful for the purpose of this study.
Concentrations of each dipeptide ranged from 0.03 to 5.8 nmol g -1 . Total concentration of dipeptides in each sample ranged from 0.14 to 80 nmol g -1 . Ala-ala, valylalanine, alanylleucine, and alanylaspartic acid were the four most abundant dipeptides, and their individual concentrations were about 5 nmol g -1 at 1.3 cm in depth. Only three dipeptides, alanylvaline, valylleucine, and leucylvaline were detected in the sample at 62.5 cm in depth and their concentrations were below 0.06 nmol g -1 . The total concentration of dipeptides at 1.3 cm in depth corresponded to 160 nmol g -1 for amino acid residues. That accounted for 2.8% of the hydrolyzed amino acids and was about 1.2 times larger than total concentration of free amino acids in the same water extract. Ac- cordingly, dipeptides are one of the major products as well as free amino acids during the earliest stage of protein degradation in sediments.
Diketopiperazines A mass spectrum of tertbutyldimethylsilyl derivative of cyclo(ala-ala) standard is shown in Fig. 3 . The spectrum showed a major ion at m/z 371 corresponding to (M+1) + and a minor ion at m/z 313 to (M-57) + , where M stands for a molecular weight of each diketopiperazine derivative and M equals 370 for cyclo(ala-ala). Other diketopiperazine standards showed similar mass fragmentation patterns as that of cyclo(ala-ala). Therefore, the mass fragmentograms of (M+1) + were used to detect diketopiperazines. The mass fragmentogram of m/z 371 for cyclo(ala-ala) obtained from the sample at 1.3 cm in depth showed no peaks as seen in , though our recovery test of diketopiperazines spiked into a sea-sand sample showed satisfactory values (79-90%).
Hydrolyzed and free amino acids Concentrations of hydrolyzed amino acids in the sediments are listed in Table 2 . These amino acids were mainly the acid hydrolyzed products of water extractable peptides and proteins in addition to free amino acids. Total concentration of hydrolyzed amino acids in each sample ranged from 840 to 5700 nmol g -1 . Glycine was the most abundant amino acid, and its concentration was 860 nmol g -1 at 1.3 cm in depth. Concentrations of other predominant amino acids, i.e., alanine, aspartic acid, and glutamic acid ranged from 630 to 720 nmol g -1 at the same depth. Methionine, phenylalanine, and tyrosine as well as basic amino acids, such as lysine, histidine, and arginine were minor species (38-190 nmol g -1 at 1.3 cm in depth).
Concentrations of free amino acids in the sediments are listed in Table 3 . Total concentra- tion of free amino acids in each sample ranged from 3.9 to 140 nmol g -1 . They accounted for 0.5-2.5% of the hydrolyzed amino acids. Glycine was the most abundant amino acid, and its concentration was 13 nmol g -1 at 1.3 cm in depth. The individual concentrations of other predominant amino acids, i.e., alanine, valine, leucine, aspartic acid, and glutamic acid were about 10 nmol g -1 at the same depth. Methionine, tyrosine, and histidine were minor (below 3.8 nmol g -1 at 1.3 cm in depth).
Depth profile
Depth profiles of concentrations of the 34 dipeptides are shown in Fig. 5 . Fifteen dipeptides had a maximum concentration at 1.3 cm in depth, and other 19 ones at 6.3 cm in depth. Below 6.3 cm in depth, the concentrations of dipeptides decreased with depth. The decreases were most rapid over a depth range from 6.3 to 13.8 cm. The concentrations of phenylalanine residues (glycylphenylalanine, phenylalanylglycine, alanylphenylalanine, valylphenylalanine, leucylphenylalanine, and phenylalanylleucine) decreased slower than those of others with depth.
The depth profiles of total concentrations of dipeptides, hydrolyzed amino acids, and free amino acids were compared in Fig. 6 . Generally, all profiles showed a similar decreasing pattern with depth as those reported for amino acids in the previous studies (Henrichs and Farrington, 1987; Martens, 1988, 1990; Haugen and Lichtentaler, 1991) . The decreases in concentration of dipeptides and free amino acids over the depth range of 6.3-13.8 cm were more rapid than that of hydrolyzed amino acids. Approximately 73% of the dipeptides, 43% of the hydrolyzed amino acids, and 70% of the free amino acids at 6.3 cm in depth disappeared at 13.8 cm in depth.
Amino acid compositions in dipeptides
Five amino acids, i.e., glycine, alanine, valine, leucine, and aspartic acid, accounted for 53% in concentration of the hydrolyzed amino acids (Table 2) and 51% of the free amino acids at 1.3 cm in depth (Table 3) . Among theoretically possible 25 dipeptides consisting of any 2 of the 5 amino acids, 23 dipeptides were detected. The absent two dipeptides were aspartylleucine and aspartylaspartic acid. The 5 amino acid compositions in the 23 dipeptides were compared with those in the hydrolyzed and free amino acids from surface to 42.5 cm in depth where dipeptides were detected in sufficient concentration (Table 4 ). In the dipeptides, alanine was most abundant and accounted for 29-34% followed by valine for 19-26%. Glycine compositions (15-19%) were close to leucine ones (15-22%) and larger than aspartic acid ones (11-15%). On the other hand, in the hydrolyzed and free amino acids, glycine was the most abundant and accounted for 29-36% and 24-46%, respectively. Alanine compositions (18-21% and 16-23%, respectively) were generally smaller than aspartic acid ones (21-28% and 13-28%, respectively) and larger than valine ones (14-16% and 10-17%, respectively) as well as leucine ones (8.3-11% and 10-18%, respectively). These differences in the 5 amino acid compositions among the dipeptides, hydrolyzed amino acids, and free amino acids may be attributed to the variety in amino acid sequences in the precursor proteins and/or the stability difference of dipeptides in the sediments.
Stereoisomeric ratios of dipeptides
The D enantiomers of gly-ala, ala-gly, gly-val, gly-leu, leu-gly, and gly-asp were not found in all samples examined. The DD, DL, and LD isomers in addition to the LL isomer of ala-ala were found in the samples at 1.3, 6.3, and 13.8 cm in depth (Fig. 2) . The individual concentrations of the DD, DL, and LD isomers, in which the DD isomer was the most abundant, corresponded to only 1.2-6.7% of that of the LL isomer (Table 1 ). The epimerization of the LL isomer of ala-ala to others by our analytical procedure was found to proceed to a negligible extent (<0.1%). Therefore, the DD, DL, and LD isomers of ala-ala were proper to the sediments and not produced during our analysis.
The presence of the DL and LD isomers of alaala is likely due to epimerization of the LL isomer in the sediments. Dipeptides are known to racemize (epimerize) faster than the longer peptides and free amino acids (Kriausakul and Mitterer, 1980; Mitterer and Kriausakul, 1984) . However, such a relatively high abundance of the DD isomer can not be explained easily by epimerization. If the DD isomer had been derived from the LL isomer, the concentration of the DD isomer should have been smaller than those of the DL and LD isomers. Therefore, a large part of the DD isomer was derived from other sources than the LL isomer. It may be reasonable to explain that the part of the DD isomer was derived from special peptides containing D amino acids. An example of such a peptide is peptidoglycan, the cell wall polymer of bacteria (Nagata, 1999) . However, the presences of source peptides appropriate for the DD isomer of ala-ala are not fully explained at this moment.
Sequential isomeric ratios of dipeptides
The formations of diketopiperazines from Nterminal positions of peptides are one of the most general non-enzymatic decomposition mechanisms of peptides in aqueous solution at neutral pH (Steinberg and Bada, 1983; Sepetov et al., 1991) . Diketopiperazines come to equilibrium with their dipeptides in aqueous solution. For example, cyclo(gly-ala) at pH 8.0 can be written as below (Smith and Baum, 1987 Smith and Baum (1987) . **Values at pH 7.3 from Steinberg and Bada (1983) . The ratio of ala-gly/gly-ala at equilibrium is 2.7. Those of leu-gly/gly-leu and phenylalanylglycine (phe-gly)/glycylphenylalanine (gly-phe) are 2.5 and 2.4, respectively, at pH 7.3 (Steinberg and Bada, 1983) . The ratios in the sediments whose pore water showed pH in a range of 7.9-8.2 were 0.73-2.1, 0.42-0.62, and 0.81-1.6, respectively, and not close to the reported equilibrium values (Table 5) . These values, together with the absence of diketopiperazines in the sediments, suggest that dipeptides were not derived from proteins, polypeptides, and oligopeptides through diketopiperazines. Therefore, the detected dipeptides in the sediments likely preserved their original amino acid sequences in their precursor proteins. The dispersions in the sequential isomeric ratios of ala-gly/gly-ala, phe-gly/gly-phe, and some of the other pairs over the depth of samples may reflect the variety of precursor proteins at deposition of each sediment horizon.
CONCLUSIONS
Nine recent sediment samples from the core S8602 of Tokyo Bay were analyzed for water extractable dipeptides in addition to hydrolyzed and free amino acids and for methanol extractable diketopiperazines by GC-MS. As a result, following major findings were obtained.
1. Thirty four water extractable dipeptides were detected. Concentrations of each dipeptide ranged from 0.03 to 5.8 nmol g -1 . Total concentration of dipeptides in each sample ranged from 0.14 to 80 nmol g -1 , showed a maximum at 1.3 or 6.3 cm in depth, and rapidly decreased with depth especially over a depth range from 6.3 to 13.8 cm. The depth profiles of dipeptide concentrations were generally similar to those of hydrolyzed and free amino acids in the water extracts.
2. Alanine was most abundant in dipeptides, while glycine was in the hydrolyzed and free amino acids. At 1.3 cm in depth, dipeptides accounted for 2.8% of the hydrolyzed amino acids, and their amino acid residues were about 1.2 times larger in concentration than free amino acids in the same water extract.
3. Dipeptides showed a predominance of the L or LL stereoisomers. For ala-ala, individual concentrations of the DD, DL, and LD isomers corresponded to only 1.2-6.7% of that of the LL isomer. The D enantiomers of gly-ala, ala-gly, glyval, gly-leu, leu-gly, and gly-asp were not found.
4. The ratios of ala-gly/gly-ala, leu-gly/glyleu, and phe-gly/gly-phe in the sediments whose pore water showed pH in a range of 7.9-8.2 were 0.73-2.1, 0.42-0.62, and 0.81-1.6, respectively, and not close to reported ratios at equilibria at pH 7.3-8.0.
5. Diketopiperazines were not detected in all samples (detection limit of 0.1 nmol g -1 ). These findings indicate that dipeptides are one of the major products as well as free amino acids during the earliest stage of protein degradation in sediments. Judging from the findings 4 and 5, dipeptides were not derived through diketopiperazines. This indicates that dipeptides likely preserved their original amino acid sequences in their precursor proteins.
